2D hybrid-PIC simulation of the two and three-grid system of ion thruster
Introduction
With the high impulse and high efficiency, the ion thruster has been widely applied to the Earth's orbit and deep-space exploration mission [1] [2] [3] [4] [5] [6] . LIPS-300 ion thruster is developing at Lanzhou Institute of Physics and will be applied in all electric propulsion platform newly developed by the China Academy of Space Technology (CAST). The lifetime of an ion thruster system needs to be prolonged to tens of kilohours in order to compensate for its low thrust and meet the requirements for a variety of space missions. However, this is impended by the erosion of its components, especially the grid system. Therefore, a three-grid system is developed to prolong the lifetime of the ion thruster.
A three-grid optics system, which adds a decelerator grid from the two-grid system, is beneficial to significantly enhance the thruster's lifetime due to its lower sputtering rate of the accelerator grid [7, 8] . Therefore, it is necessary to evaluate the performance of the three-grid system such as its ion beam extraction behavior and the beam current focusing characteristics. Comparing to the high cost of experimental measurements, a numerical simulation provides an economical way to study the ion beam extraction of the ion optical grid system. Over the past decades, numerous numerical researches have been carried out to study the ion thruster grid system. Wang introduced a HG-IFE-PIC code to study the dynamic behavior of the beam ions in a two-grid system [9] . Brophy developed a three-dimensional code to study the ions beam extraction and the erosion of the grid materials of the NSTAR ion thruster with different two-grid system parameters [10] . Tartz studied the trajectories of beam ions and charge exchange (CEX) ions based on the code of IGUN which have been validated by the 3000 h endurance test of a RIT-22EM thruster [11] . Hayakawa developed both a 2D and 3D PIC models to study the ion beam extraction phenomena of a twogrid system [12] . Jia et al, Long et al, Cao et al and Ren et al [13] [14] [15] [16] [17] also studied two-grid systems in detail. However, all of the above studies only focus on the two-grids system. Currently, Wriz and Brophy proposed a of three-grid system simulation model to study the ion trajectories [18] . Besides, Sun developed a particle simulation model to study the ion beam extraction phenomena and the erosion of an electron cyclotron resonance (ECR) ion thruster with a three-grid system [19] .
Innovation of this paper is to introduce a hybrid-PIC model to study the ion extraction characteristics of the LIPS-300 ion thruster grid system, where electrons are treated as particles in the upstream of the accelerator grid while downstream described by Boltzmann equations. This paper is organized as follows. In section 2, the 2D hybrid-PIC simulation model was introduced. Section 3 was devoted to the discussions of the simulation results. The ion transparency, beam ions extraction characteristic of two-and three-grid system were given. Finally, the summary and conclusions were presented in section 4.
Simulation model and approaches

Calculation domain and parameters
The computational domain for the motions of the charge particles is shown in figure 1 with the labels of electric potential boundary conditions. Dirchlet boundary condition is applied in the upstream boundaries both of the simulation domain and the grids, while Neumann boundary condition is applied in others. Meanwhile, the upstream and downstream boundaries and the grid surfaces are set as absorbing for particles while other boundaries are treated as reflecting. V sc , V ac and V de are the electric potentials of the screen grid, accelerator grid and decelerator grid, respectively. B ud is defined as the boundary of the upstream and downstream region in the simulation domain. There is no electron between the screen and accelerator grid when the ion beam is extracted normally, or electron backstreaming phenomenon disappear [20] . Therefore, the boundary B ud could be selected anywhere between the screen grids downstream surface and accelerator grid upstream surface, as is shown in figure 1 . In this model, B ud is selected in the middle between screen and accelerator grid. Details of the geometry parameters and the applied potentials used in the simulations are listed in table 1.
To get a stable and accurate result in the simulation, the square mesh size is set to be 2.5×10 −2 mm×2.5×10 −2 mm to satisfy the constraint of the Debye length [21] . The computational domain is 1.1 mm in radial direction and 6.5 mm in axial direction which divided to 44×260 cells in total are calculated in the simulation.
Numerical method
The particle-in-cell (PIC) method is widely adopted in simulations of the ion thruster discharge chamber and gird optics system. In the full-PIC method, both of the ions and electrons are assumed as the particles, and their motions are solved by the momentum equations. The numerical procedures in the hybrid-PIC are almost the same as those in the full-PIC case excepting the description of electron where downstream of B ud . In the hybrid-PIC method, the number density distribution of the electrons is estimated from the Boltzmann relation as expressed by [19] , is the reference electron density which from the plume average density at downstream of grid system, e is the electron charge, f is the local electric potential, f ref =0 is the reference electric potential of downstream where far away from the grid system, k is the Boltzmann constant, and T e,ref =1.5 eV is the reference electron temperature.
The flow chart of the PIC simulation model is shown in figure 2.
2.2.1. Particle description. In order to study the electron distribution properties at the plasma sheath, electrons in the upstream of B ud boundary in figure 1 are considered as the particles. In order to improve the calculation efficiency, electrons in the downstream of B ud boundary are treated as the fluid in this model. Table 2 is the compared results of computation efficiency between full-PIC and this model for Figure 1 . Schematic of the computational domain (a: two-grid system; b: three-grid system). 
30.0 some typical calculation cases. It can be seen that the computation efficiency improves significantly for this model. The initial velocity distributions of the ions and electrons in the discharge chamber are described as, where v i is the ion velocity, m i is the ion mass, T i is the ion temperature, v e is the electron velocity, m e is the electron mass, σ is the standard deviation of primary electrons velocity, μ is the peak velocity of primary electrons, α is the primary to Maxwellian electron radio, and
which is list in table 3.
The ions are assumed to meet a Maxwellian distribution, while the distribution of the electrons is different from Maxwellian while considering both Maxwellian electrons and primary electrons. The electrons produced in the ion thruster discharge chamber are usually a non-Maxwellian distribution. Thus, the total electrons are composed of the primary electrons that are produced from the main cathode and the second electrons produced from the particle collisions.
In the model, the pre-sheath of the discharge plasma is assumed as the upstream boundary of the simulation domain. During each time step, some of the ions and electrons are injected into the computational domain from the upstream boundary. Meanwhile, the CEX and doubly charged ions of Xenon propellant are neglected due to their few fractions.
The motion of the ions and electrons are calculated in two-dimension position space (radial and axial) and threedimensional velocity space (radial, axial and azimuthal). The motion equations are solved using the 4th-order Runge-Kutta method. The movement of ions and electrons can be described as,
where, E is the electric field intensity at the location of particle.
The movement of the charged particles integration time step of Δt in the simulation should satisfy [25] , In the simulations, the upstream and downstream boundaries and grid surfaces are set to the absorption boundaries for particles since the ions and electrons will collide onto them. Meanwhile, the top surface and the symmetry axis (r = 0) boundaries are set to reflection boundaries. where ε 0 is the permittivity of vacuum. Equation (6) is solved by using the Gaussian elimination method with sparse-matrix refinements and the convergence will be accelerated by the Gauss-Seidel iterative method. The electric field E is obtained by
In the two dimensional axisymmetric simulation domain, the electric field at the node between meshes can be written as, where E z and E r are the electric field in the z-and r-direction, respectively. Δh is the mesh size, which is 2.5×10 −2 mm in the simulation.
Results and discussion
Validity of the simulation results
As the key parameter for an ion thruster, thrust can be obtained by experiment directly or calculation from the electric and propellant parameters. According to the statistical results of ion number and velocity, the thrust and specific impulse of the beamlet can be obtained through this model.
The measured ion beam current density along radial position is shown in figure 3 , which indicates that the biggest ion beam current density is located in the centerline of the three-grid system of LIPS-300 ion thruster when operating at 5 kW, which is 7.53 mA cm −2 . The ion beam flatness was calculated to be 0.68 from the ion beam density profile. The thrust of the ion thruster at 5 kW is 196.2±0.2 mN measured by a laser interferometer, while the designed is 200 mN [26] .
The simulated results of the ions density distribution is shown in figure 4 . It is obvious that the beam ion density is in the range of 10 16 -10 17 m −3 while the thrust of the beamlet is about 0.0168 mN, as calculated from the statistic ions numbers and velocities in the z-direction. The total thrust of the LIPS-300 ion thruster with a three-grid system operated at 5 kW can be derived to be 177.5 mN by considering 15 538 apertures present on the grid assembly with the error being less than 9.53% compared to the experimental results.
Besides, the ion beam flatness value 0.68 obtained from the measurement is adopted here.
Ion transparency of the grid
The ion transparency of the grid system is defined by the ratio between the ion number extracted from the screen grid and the output ion number from the sheath boundary, which is a key parameter that can be used to evaluate the performance of the grid system. The calculated ion transparencies of the LIPS-300 ion thruster both for the two-and three-grid systems are depicted in figure 5 .
It is obvious from figure 5 that the ion transparency is almost the same for the two-and three-grid systems, which indicates that the decelerator grid of the three-grid system does not affect the ion beam extraction efficiency. This may be attributed to the fact that the ion transparency is subjected to a screen grid thickness and its aperture diameter, plasma parameter in the upstream of screen grid and electric potential distribution nearby the screen grid aperture. For its zero voltage potential and far distance from the screen grid, the decelerator grid will not affect the electric potential nearby the screen grid. Figure 5 also indicates that the ion transparency decreases when the upstream screen grid plasma density increases, which is very similar to the previous result seen in [27] in which ion transparency decreased 2.2% while the ion beam increased 9.1%. It should be noted that the ion beam change only related to the adjust discharge chamber plasma density in the experiment. It may be attributed to the plasma sheath boundary profile which shifts to the screen grid aperture direction, so that the surface area shrinks and the ions extraction ratio of the discharge chamber reduces. With the plasma density of 2.0×10 17 m −3 and 5.0×10 17 m −3 in the upstream of the screen grid, the simulated contours of sheath potential, electron position distribution, and electron density distribution are given in figures 6 and 7, respectively. In figures 6(a) and 7(a), it is clear that the sheath boundary profile will shift close to the screen grid and the surface area of the plasma sheath will reduce as plasma density increases. Figures 6(b) and 7(b) shows the electron position distributions with different plasma densities which cannot be depicted by traditional hybrid-PIC method due to the electrons are treated as a fluid everywhere, which makes it is impossible to track electron positions. The perveance of the grid system falls into three types: overperveance, optimal-perveance, and under-perveance [8] . For over-and under-perveance, some high energy beam ions caused by improper focusing will impinge on the surface of the decelerator or accelerator grid which will reduce the lifetime of the grid system. The perveance condition is related to the applied potential, grid structure parameter and discharge chamber plasma density. Although the additional decelerator grid in the three-grid system can prolong the lifetime of the grid system, the effect of the perveance condition still need to be evaluated carefully. The calculation of the beamlet current as a function of plasma density in the upstream of the screen grid of LIPS-300 ion thruster is depicted in figure 8 . The ion beam currents for two-and three-grid system are completely coincidental until the density is larger than 7.0×10 17 m −3 . Meanwhile, the currents increase as the plasma density until 8.0×10
17 m −3 . When the plasma density in the upstream of the screen grid beyond the perveance ability of the grid system, more beam ions are directly intercepted by accelerator or decelerator grid, and then the beamlet current decreases.
The calculated results of the directly impinging ion current on the LIPS-300 ion thruster accelerator and decelerator grids are shown in figure 9 . It indicates that there are some beam ions will directly impinge on the upstream surface of the accelerator grid when the plasma density is larger than 7×10 17 m −3 both for two-and three-grid systems as also observed in figure 10 .
Besides, the under-perveance phenomena appears in three-grid system when the plasma density is less than 1×10 17 m −3 which will lead to the beamlet ions directly impinging on the aperture barrel of decelerator grid as shown in figure 11 .
The above analysis results indicate that the perveance properties for two types of grid system structures are the same under the condition of the optimal-perveance. However, when the plasma density is larger than a specific value, the ion beam over-perveance phenomenon will appear both for two-and three-grid system, which will result in direct impingement of beam ions on the upstream surface of accelerator grid. On the contrary, the under-perveance of the ion beam will appear as the plasma density decreases due to the direct impinging of the beam ions on the decelerator grid aperture barrel. These results demonstrate that the two-grid system has a wider range plasma density than the three-grid system at relatively lower discharge chamber plasma densities.
Conclusions
Simulations on the ion beam extraction characteristics through a single grid aperture both for the two-and three-grid system of the LIPS-300 ion thruster have been carried out by using a 2D hybrid-PIC code. The ions and accelerator grid Table 3 . Parameter list of equations (2) and (3). ). ).
upstream electrons are assumed as particles in the simulation model, while electrons downstream of the accelerator grid are submitted to the Boltzmann equation. It clearly improved the code computation efficiency. The ion transparency, plasma sheath, and the beam ions extraction characteristic simulated here reasonably illustrate the physics characteristics of the grid system, and also determine performance of the ion thruster.
The calculated results indicates that the additional decelerator grid in the three-grid system rarely affect the ion beam extraction efficiency. Meanwhile, when the plasma density exceeds a threshold, the ion beam is in over-perveance condition which cause the ions directly impinge on the accelerator grid for both kinds of two-and three-grids system with the same input parameters. However, when the plasma density decreases, the under-perveance of the ion beam for the three-grid system will appear due to direct impinging of the beam ions on the decelerator grid aperture barrel. This demonstrates that the two-grid system can be operated well in a wider range of plasma density than the three-grid system at relatively lower discharge chamber plasma densities. Beamlet ions distribution at 7×10 17 m −3 plasma density for two-grid system (up) and three-grid system (down). 
